We investigate the Interface Region Imaging Spectrograph (IRIS) observations of the quiet-Sun (QS) to understand the propagation of acoustic waves in transition region (TR) from photosphere. We selected a few IRIS spectral lines, which include the photospheric (Mn i 2801.25Å), chromospheric (Mg ii k 2796.35Å) and TR (C ii 1334.53Å), to investigate the acoustic wave propagation. The wavelet cross-spectrum reveals significant coherence (about 70% locations) between photosphere and chromosphere. Few minutes oscillations (i.e., period range from 1.6 to 4.0 minutes) successfully propagate into chromosphere from photosphere, which is confirmed by dominance of positive phase lags. However, in higher period regime (i.e., greater than ≈ 4.5 minutes), the downward propagation dominates is evident by negative phase lags. The broad spectrum of waves (i.e., 2.5-6.0 minutes) propagates freely upwards from chromosphere to TR. We find that only about 45% locations (out of 70%) show correlation between chromosphere and TR. Our results indicate that roots of 3 minutes oscillations observed within chromosphere/TR are located in photosphere. Observations also demonstrate that 5 minute oscillations propagate downward from chromosphere.
INTRODUCTION
Study of waves and oscillations in the different plasma settings of the solar atmosphere (i.e., umbra, penumbra, network, inter-network, loops, plumes, etc.) have significant importance as these structures are the prime candidates for transporting energy from the interior/photosphere to upper layers of the atmosphere (e.g., Ofman et al. 1997; DeForest & Gurman 1998; Schrijver et al. 1999; De Moortel et al. 2002a,b; Rosenthal et al. 2002; Centeno et al. 2006; Srivastava et al. 2008; Sych & Nakariakov 2008; Centeno et al. 2009; Zaqarashvili & Erdélyi 2009; Jafarzadeh et al. 2017 , and references cited therein). Since the inter-networks (IN) regions are the places of very weak magnetic fields, they support acoustic waves. These waves in the IN regions have been studied extensively to understand their nature as well as the wave propagation conditions in different layers of the solar atmosphere (Lites et al. 1982 (Lites et al. , 1993 Carlsson & Stein 1997; Judge et al. 2001; Wikstøl et al. 2000; Bloomfield et al. 2004 ). The waves have attracted great attention as they consist efficient means of carrying energy between different layers of the solar atmosphere.
The acoustic cutoff frequency plays an important role in establishing the wave propagation conditions, and in finding regions in the solar atmosphere where the waves are strongly reflected. The concept of acoustic cutoff was originally introduced by Lamb 1909 Lamb , 1910 who considered both an isothermal atmosphere as well as non-isothermal atmosphere with linear temperature profile (Lamb 1910 (Lamb , 1932 . Subsequently, Lamb's work was extended by a number of authors (e.g., Moore & Spiegel 1964; Souffrin 1966; Fleck & Schmitz 1993; Musielak et al. 2006; Fawzy & Musielak 2012; Routh & Musielak 2014) who proposed different formulae for the cutoff period. These analytical attempts were followed by a number of numerical simulations of acoustic waves (e.g., Ulmschneider et al. 1978; Carlsson & Stein 1997; Fawzy & Musielak 2012) showed the cutoff increasing with height in the solar chromosphere. approximately reproduced the observed variation of the cutoff period with atmospheric height by performing numerical simulations of impulsively generated acoustic waves. However, in the numerical simulations performed by , acoustic waves were excited by a random driver, mimicking turbulence in the upper part of the convection zone, and it was found that wave periods follow the recent observational data . The numerical simulations demonstrated as to how the solar atmosphere filters out the waves of low frequencies; clearly, these waves become evanescent and, therefore, they are absent in high layers of the solar atmosphere. High-frequency waves are free to propagate and reach higher layers of the solar atmosphere, such as, Carlsson & Stein (1992) have shown the conversion of higher frequencies (3 minute) into the chromosphere from lower frequencies (5 minute).
In the context of wave propagation, Lites & Chipman (1979) proposed that oscillations below their frequency of 4 mHz become evanescent. However, higher frequencies (more than 4 mHz) freely propagate into the chromosphere from the photosphere. Similar type of conclusions have been also reported in other papers (e.g., Lites et al. 1982; Carlsson & Stein 1992; Lites et al. 1993) . In particular, Carlsson & Stein (1992) showed many aspects of the chromospheric inter-network oscillations, which are triggered by the photospheric motions. They proposed that waves propagate upward from the photosphere. Therefore, their amplitude grows and they become shocks in the upper chromosphere. In the paper, Carlsson & Stein (1997) have shown that the shocks primarily result in the formation of IN bright grains. Hansteen (2007) has reported that the waves above the acoustic cutoff frequency (5 mHz) in the IN regions can easily propagate up to the solar chromosphere. Recently, on the basis of numerical simulations, ; have also reported the propagation of high frequency acoustic waves into the chromosphere from the photosphere. However, in case of magnetic field, the longer periods (i.e., periods more than 4 minuts) can easily propagate into the TR from photosphere as reported by Heggland et al. (2011) . Some observations also report the successful propagation of 5-minute in TR from photosphere within the regime of high magnetic fields (De Pontieu et al. 2003 , 2005 . Despite these achievements, it should be noted that the conditions for the propagation of acoustic wave as well as waves in magnetic field are still neither well-established nor understood. Therefore, more observational results are needed to understand the origin, nature and behavior of acoustic waves in the solar atmosphere, and constraints on the propagation of these waves caused by the solar atmosphere.
In the present work, we have investigated the wave propagation in the QS region using IRIS spectroscopic observations. In Section 2, we present the observations and data analysis. Section 3 describes the observational results while discussion and conclusions are outlined in the last section.
OBSERVATIONS AND DATA ANALYSIS
IRIS provides high resolution observations (imaging as well as spectroscopic) for the broad range of altitudes in the solar atmosphere (i.e., the photosphere up to the corona;
De Pontieu et al. 2014) . IRIS observed a quiet-Sun (QS region) on 16 November 2013 for approximately 35 minutes from 07:33 UT to 08:08 UT. It captures the spectra in near ultraviolet (NUV) and far ultraviolet (FUV), which include various photospheric and chromospheric/TR lines (e.g., Mn i 2801.92Å, Mg ii k 2796.35Å, C ii 1334.53Å, etc.). The observation is a sit-n-stare observation, which is appropriate to investigate the wave dynamics. In addition, this particular observation is located at the center of the solar disk (i.e., µ∼1.0). Therefore, different lines, which basically form at different heights, sample the same part of the solar atmosphere at different heights (no projection effect). Mg ii k2v (middle column) and C ii spectral liens (rightcolumn). After processing these time series, we have applied the wavelet analysis (i.e., wavelet transform, cross-power and phase analysis).
OBSERVATIONAL RESULTS
The wavelet analysis is an extremely useful tool for the si- complex wavelet, which is the resultant of plane wave modulated by the Gaussian function, that is
(1)
The wavelet transform provides a 2-D complex array for a time-series, which contains the distribution of power in frequency and time domain. The power of the wavelet is defined as the square of absolute magnitude of 2-D complex array.
The averaged wavelet power (i.e., over the time) can be considered as the global wavelet power, which is suitable to reveal the dominant oscillations for any particular time series. Compo of the University of Colorado). The background (theoretical) spectrum is needed to outline the significant locations (i.e., significance level) within the wavelet power, which can be modeled using this equation.
Here, k=0,1,.,.,N/2 is the frequency index. We have taken α = 0 in the present case, which produce the white noise spectrum (one values at each frequency; flat Fourier spectrum). However, the other values of α lead to the red-noise spectrum (i.e., increasing Moreover, the wavelet coherence is also needed to find the co-movements between the two time-series (i.e., two heights in the solar atmosphere). We also estimate the wavelet coherence between different heights of the solar atmosphere.
Panel (d) shows the wavelet coherence, which is drawn using photospheric and chromospheric heights. Similarly, panel (e) shows the coherence map between chromospheric and TR heights. The gray hatched area (red dashed) shows the COI (95% significance level) on each maps.
We now evaluate phase difference (i.e., difference of phase angles at two different heights) in the time-frequency domains. A cross wavelet analysis leads to the complex array in the time-frequency domain, which can be converted into the phase angle using real and imaginary parts of the complex numbers (Torrence & Compo 1998; Bloomfield et al. 2004 ). This phase angle (phase lags) is basically the phase difference between two different time-series, which are forming at two different heights. We do not use all the phase lags in further analysis. However, we put some specific conditions to choose the specific phase lags. Such specific conditions are adopted to increase the reliability of our results. The adopted specific conditions are as follows: (a) only significant oscillations, which complete more than two cycles at least, are included; (b) we exclude the COI area (i.e., figure 4 ;gray The region, which is used to study the wave propagation, is practically magnetic field-free. IN regions, which lie along the slit, are used to be very weak or free magnetic field regions. The distribution of LOS photospheric magnetic field supports the very weak nature of magnetic field within the vicinity of IRIS slit. Accordingly, we have considered the used region as magnetic field-free regions. Therefore, the considered waves are essentially acoustic. The propagation of acoustic waves was extensively studied by using observations as well as numerical simulations (Lites & Chipman 1979; Lites et al. 1982; Carlsson & Stein 1992 Wikstøl et al. 2000; Judge et al. 2001; Kontogiannis et al. 2016; Wiśniewska et al. 2016) . The 3-minute oscillations (i.e., 5.5 mHz) have very low power when compared to the 5-minutes oscillations (3.3 mHz) at the solar photosphere.
However, 3 minute oscillations are dominant in the chromosphere, where the 5-minute oscillations become evanescent (Lites et al. 1982; Cheng & Yi 1996; Carlsson & Stein 1997; . Centeno et al. (2006 Centeno et al. ( , 2009 reported that the chromospheric 3-minute oscillations are correlated with the photospheric 3 minute oscillations in the sunspot umbra. They proposed that the chromospheric 3-minute oscillations originate from the photospheric power. The acoustic wave propagation theory (i.e., for isothermal atmosphere) predicts free propagation of 3-minute oscillations up to the TR from the solar photosphere (Lamb 1909 (Lamb , 1910 . We conclude that the photospheric power can propagates up to the TR in the form of 3-minute as well as 5 minute (at least at some locations) oscillations. Therefore, the 3 minutes chromospheric/TR oscillations in the internetwork regions (regions without the influence of magnetic field) are directly powered by the photospheric oscillations. In addition, a few locations also show the propagation of 5-minute into TR from photosphere, which might be the result of magnetic field. A spectrum of wave periods (i.e., from 2.5 minutes to 6.0 minutes) in the TR is directly associated with the corresponding chromospheric spectrum of wave periods. Therefore, the low chromospheric frequencies (i.e., in the regime of 5-minutes oscillations) are sources of the corresponding low frequencies of the TR.
